are primarily dependent on tumor characteristics. 17, 20 One such study of 24 patients demonstrated that 46% experienced short-term complications, with 92% of lower CN neuropathies occurring in patients with tumors extending into the jugular foramen. 17 In this current study, we have characterized the outcomes of 34 patients with CPA meningiomas surgically treated for over an 8-year period and have investigated various factors that may affect postoperative neurological function.
Methods

Patient Cohort
This study was approved by the institutional review board at Duke University. The medical records of patients with CPA meningiomas that were surgically treated from 2005 to 2013 at the Duke University Health System were reviewed. The preoperative imaging studies of all patients were examined by 2 independent reviewers to confirm the primary location in the CPA. Patients were excluded if they had undergone previous surgical management or radiotherapy.
Surgical Treatment
The clinical status and preoperative MR images of all patients were reviewed to determine the most appropriate surgical strategy. Based on surgeon preference, patients with large tumors underwent preoperative embolization in which polyvinyl alcohol particles were used if the supplying vessels were accessible. Surgeries involved use of advanced microsurgical techniques and intraoperative navigation systems, as well as neuromonitoring and CSF drainage.
Data Collection
Various patient, clinical, and tumor data were gathered from the medical records including patient demographics, pre-and postoperative neurological examinations, duration of symptoms, procedural details, tumor pathology and size, radiological findings, and treatment characteristics. Permanent complications were characterized as those that persisted for 6 months or longer postoperatively. Magnetic resonance images were evaluated to determine the extent of resection, presence of recurrence, and lesion size. Gross-total resection (GTR) was defined as the complete absence of the lesion on postoperative MRI. The presence of a recurrent lesion was evaluated using postoperative MRI and defined as the radiological progression of the tumor. Additionally, imaging studies and operative reports were used to determine tumor extension into the IAC and jugular foramen.
Statistical Analysis
The data were summarized using medians for continuous variables, and counts and percentages for categorical variables. Differences in continuous variables were analyzed using the Student t-test, while categorical variables were evaluated using the chi-square test. Values with p < 0.05 were considered statistically significant. All analyses were performed using SAS 9.3 (SAS Institute).
Results
Patient and Tumor Characteristics
A total of 34 patients underwent surgical treatment for CPA meningiomas during the 8-year period. The median age was 57.5 years (range 20-80 years), with the majority of patients being female (79.4%) ( Table 1) . Most tumors (91.2%) were WHO Grade I, with the remaining being WHO Grade II lesions. While the majority of WHO Grade I tumors were of unspecified subtype, known tumor subtypes included secretory (n = 3), fibroblastic (n = 2), psammomatous (n = 1), microcystic (n = 1), meningothelial (n = 1), and angiomatous (n = 1). Jugular foramen invasion was seen in 17.6% of tumors, with nearly half (41.2%) extending into the IAC (Figs. 1 and 2) . The median tumor size was 2.3 cm (range 0.9-4.6 cm).
Radiological Presentation
In 2 cases (5.9% [2 of 34] ), a clear operative description was lacking and/or MR images on record were insufficient for determination of tumor attachment, and in 8 cases preoperative CT scans were absent (used to determine the presence of tumor calcification). 
Clinical Presentation
The median duration of symptoms was 7 months (range 0.1-120 months) ( Table 2 ). The most common presenting symptom was hearing loss (58.8%); this was followed by headache (52.9%) and facial numbness/pain (50.0%). Other presenting symptoms included ataxia, double vision, tinnitus, dysarthria, dysphagia, lower-extremity weakness, tongue numbness, and facial weakness. Evaluation of the effect of IAC tumor extension on clinical presentation did not reveal a significant difference in the incidence of preoperative hearing loss between patients with and without IAC tumor extension (64.3% vs 52.6%, respectively; p = 0.52).
Treatment
Preoperative embolization was attempted in 4 patients (11.8%). However, embolization was unsuccessful in 3 patients due to an inability to access feeding vessels. Successful embolization in the 1 case occurred via branches of the right internal maxillary, right accessory meningeal, right middle meningeal, and right ascending pharyngeal artery. A number of different surgical approaches were used for the resection of CPA meningiomas (Table 3 ). The most commonly used was the retrosigmoid approach (35.3%). Other approaches included the retromastoid (23.5%), combined retrolabyrinthine-retrosigmoid (17.6%), translabyrinthine (11.8%), transcondylar (8.8%), and retrolabyrinthine (2.9%) approaches. Grosstotal resection was achieved in 55.9% of patients (Fig.  3) . Examination of the effect of tumor size on the extent of resection revealed that GTR-treated patients had significantly smaller tumors than subtotal resection (STR)-treated patients (2.0 vs 4.1 cm, respectively; p < 0.0001). Seven patients (20.6%) underwent postoperative radiotherapy, all of whom received STR. The tumors typically received 2500-5400 cGy in fractions of 180-500 cGy. All WHO Grade II meningiomas received postoperative radiation treatment. Only 1 patient with a WHO Grade II meningioma underwent chemotherapy (bevacizumab). 
Postoperative Outcomes
Complications primarily consisted of CN deficits, occurring in 35.3% of patients (Table 3 ). The majority (66.7%) of these complications were permanent, accounting for 23.5% of all patients. Only 1 patient experienced a worsening of a CN deficit that existed preoperatively. The most common nerve affected was CN X (11.8%); this was followed by CNs VI and VII (5.9%). Other complications included wound infection, CSF leaks, tracheostomy requirement, percutaneous endoscopic gastrostomy (PEG) tube placement, hematoma, tongue swelling due to traumatic intubation, and dizziness. Of note, no patients experienced a decrease in hearing postoperatively.
Various factors, such as tumor size/extension and the extent of resection, were found to affect the incidence of complications. Patients with tumors larger than 3 cm had a significantly higher incidence of permanent CN deficits than those with smaller tumors (45.5% vs 5.9%, respectively; p = 0.011). Also, tumor extension into the jugular foramen was associated with the occurrence of lower CN deficits, none of which occurred in tumors without jugular foramen invasion. Four patients experienced CN X deficits, one of whom required gastrostomy tube placement for long-term enteral access. One patient also experienced a CN XI palsy, resulting in left trapezius weakness. All lower CN deficits (CNs IX-XII) were seen to be permanent. In contrast, IAC tumor extension was not found to be associated with postoperative complications or CN deficits. Finally, STR was shown to significantly increase the rates of permanent CN deficits compared with GTR (40.0% vs 10.5%, respectively; p = 0.046).
At a mean follow-up duration of 16.6 months (range 0-50.2 months), 3 patients (8.8%) had tumor progression, 2 of whom had WHO Grade II tumors. Progression occurred at 2.6, 28.8, and 45.0 months following primary resection. All patients with tumor progression underwent STR during the primary procedure.
Discussion
Tumors of the CPA have always proven difficult for neurosurgeons to manage optimally. They are often intimately involved with CNs and various blood vessels, posing great risk to surgical intervention. Factors such as pathology, tumor size and location, extent of resection, and preoperative CN function have been implicated in long-term outcome. 5, 17, 25, 28, 32, 35, 37 Studies investigating the natural history and treatment of vestibular schwannomas (VSs) have dominated the literature in this regard. [2] [3] [4] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 21, 23, 26, [29] [30] [31] 38 However, as meningiomas account for 10%-15% of CPA tumors, it is also important to examine the postoperative outcomes following the resection of these tumors as well. Furthermore, due to the prognostic effect of tumor pathology on postoperative neurological outcomes, differentiating these tumors from VSs by examining imaging and clinical features is increasingly important. Nonetheless, few studies have examined the factors affecting the surgical outcome of CPA meningio- mas. In the present study we have examined the postoperative complications of a large modern cohort of patients with CPA meningiomas treated at a single institution to investigate various preoperative and perioperative factors that may affect postsurgical outcome. Well described are the radiographic differences between meningiomas and schwannomas in this location. 19 The literature indicates that meningiomas of the CPA are more broad-based/sessile with dural tails, 18, 19 and our study found similar imaging results, with broad-based or sessile appearance in 78.1% and a dural tail 71.9%. One of the distinguishing radiological differences between meningiomas and VSs is the presence of hyperostosis, found in up to approximately 70% of CPA meningiomas. 19 Our study found this characteristic in just 37.5% of patients. Another feature with a strong influence on preoperative evaluation is tumor attachment site. This factor takes on an even greater importance because tumors in this difficult location may influence the surgical approach itself. Kunii et al. retrospectively classified CPA meningiomas in 34 patients into 4 types: 1) tentorial type (n = 13), with attachment to the dura mater from the tentorium to the anterior petrous bone, and trigeminal nerve displaced caudally or medially; 2) petroclival type (n = 7), with attachment medial to the trigeminal nerve, which is usually displaced laterally; 3) anterior petrous type (n = 6), with attachment to the dura mater of the anterior petrous bone or Meckel's cave, and trigeminal nerve displaced rostrally or medially; and 4) posterior petrous type (n = 8), with attachment posterior to the internal auditory meatus. 18 This study borrowed from Al-Mefty, 1 with the addition of the tentorial subtype, who classified posterior fossa meningiomas into 6 subtypes: petroclival, sphenopetroclival, clival, foramen magnum, anterior petrosal, and posterior petrosal. In our study, similar to that of Kunii et al., we found a comparable number of anterior and posterior petrous attachments (32.4% and 32.4%, respectively). However, the number of tentorial and petroclival attachments in our study was substantially lower (8.8% and 11.8%, respectively). In addition, due to tumor configuration and intraoperative findings, we found the need for an additional category to maintain descriptively accurate results: superior meatal attachments (3 [8.8%] of 34 patients). As mentioned, the tumor attachment site did not significantly affect surgical outcome.
Tumors of the CPA have traditionally been associated with high rates of postoperative facial palsy and/or hearing loss because resection poses a particularly challenging endeavor. Systematic reviews of outcomes following VS resection have revealed that 22% of patients have postoperative complications, with the rates of facial nerve palsy ranging from 8% to 25%. 34 Additionally, the surgical management of VSs has been shown to result in poor rates of serviceable hearing, with prospective studies demonstrating hearing preservation rates ranging from 0% to 5%. 24, 27 To determine the comparative postsurgical outcomes following the resection of VS and CPA meningiomas, single-institutional series are needed to allow for direct comparisons. Recently, Nonaka et al. reported the complications following the surgical management of VS at our institution from 2000 to 2009. 26 The main neurological complication was facial palsy, which was observed in 14% of cases. Other neurological complications included disequilibrium (6.3%), facial numbness (2.2%), and lower CN deficit (0.5%). Hearing preservation was attempted in 170 patients (41.5%) with small to medium tumors (< 2 cm), with useful hearing preserved in 129 cases (75.9%). Gross-total resection was achieved in 88.2% of these 170 patients, with hearing preservation in 75.3% (compared with 82.4% and 66.7% in cases of near-total and subtotal resection, respectively). Hearing preservation surgery was also attempted in 29 patients with tumors 21 mm and greater, with a success rate of 82.8% (24 patients).
In contrast, the current study has demonstrated very low rates of facial palsy and no cases of hearing loss postoperatively. Two patients (5.9%) presented after surgery with new hemifacial palsy (both permanent). The substantially lower rates of facial nerve palsy and hearing loss, found to be 5.9% and 0%, respectively, for CPA meningiomas in our study, is likely attributed to a more intimate relationship between VS and CNs VII and VIII as these typically invade the IAC and cause significant nerve compression. 6, 7 Vestibular schwannomas tend to be more intimately involved with CN VIII as they originate along the axon of this nerve from the glial-Schwann sheath junction up to termination within auditory or vestibular end organs. Meningiomas, however, do not arise from the nerve and therefore can more easily be peeled away with less or no injury to the nerve complex. However, in both VS and meningiomas of the CPA, care should be taken with large or giant lesions, with special thought toward leaving a residual capsule before a decrease in facial nerve response or auditory brainstem response occurs. 22 Also of great importance to neurosurgeons to improve outcomes is choosing a reasonable operative approach that maximizes their comfort and familiarity with the anatomy and potential complications. The most common complication seen in the current study was dysphagia due to lower CN dysfunction (11.8%). Previous studies examining CPA meningiomas have also demonstrated similar outcomes. 17, 31 A study by Kane et al., which examined 24 patients treated over a 16-year period, revealed that 17% and 33% of patients had CN IX and X neuropathies, respectively. 17 The vast majority (92%) of these complications involved resection of CPA meningiomas that extended into the jugular foramen. In a study by Sanna et al., similar results were shown, with new postoperative lower CN dysfunction occurring in 62% of patients with tumors extending into the jugular foramen. 31 In our study, all 4 patients with such palsies had tumor extension into the jugular foramen. In contrast, VS resection is associated with lower rates of lower CN palsies, with data from our institution revealing 0.5% of patients experiencing such a deficit.
26 This is likely due to the lower rates of jugular foramen invasion by VS tumors.
To mitigate the risks of deficits such as facial palsy and hearing loss, there has been increasing interest in the use of radiotherapy for lesions in the CPA, particular with VS. Radiotherapy has been found to be associated with a decreased incidence of temporary facial weakness compared with microsurgery (4.8% vs 14%, respectively), as well as a significantly higher quality of life at 5-year follow-up.
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While few prospective studies have been performed, most have consistently shown a decreased incidence of postoperative facial nerve dysfunction and hearing loss in cases involving small to medium VSs. 24, 27, 40 However, data for radiotherapy in cases of CPA meningiomas are sparse. One study by Starke et al. evaluated outcomes in patients with skull base meningiomas treated with Gamma Knife surgery (GKS), both as an adjunct to microsurgery and as a primary treatment. 33 Analysis of data in 255 patients (43 with CPA meningiomas) showed that, at a median of 6.5 years after surgery, tumor volume either did not change or decreased in 220 patients (86%). Similarly, a total of 230 patients (90%) showed improvement or no change in neurological condition. In our study, 7 patients who underwent STR received radiotherapy postoperatively. Due to the promise of radiotherapy for the management of VS, further studies are needed to investigate its utility for CPA meningiomas. Also, with the heightened risk associated with large invasive tumors of the CPA, as demonstrated above, and the potential benefits of focused radiotherapy on meningiomas in this location, patients in whom the jugular foramen is clearly involved may benefit from an aggressive resection primarily focused on the noninvasive portion of tumor. This strategy is supported by the low incidence of hearing loss in our series.
Large meningiomas (> 3 cm) of the CPA pose an even greater technical challenge and are associated with a high rate of complications. 20 In our study, permanent CN complications were found in 45.5% of the cases in which lesions were greater than 3 cm compared a rate of 5.9% in patients with lesions less than 3 cm (p = 0.011). In a study of CPA meningiomas larger than 3 cm, Leonetti et al. used a combined retrosigmoid-transpetrosal-transcochlear approach and found postoperative complications in 8 patients (27.6%). 20 These included 7 cases of new CN deficits (3 CN VII, 2 CN VI, and 1 each of CN V and X weakness) and 1 case of temporary CSF leakage. In general, larger lesions tend to have a more tenuous blood supply and intricate neural attachments. 20 It was noted that the extended approach allowed for GTR in 19 (66%) of 29 patients. In our study, GTR was achieved in 19 (55.9%) of 34 patients, although it was only achieved in 9.1% of patients with tumors larger than 3 cm. Permanent CN deficits postoperatively were found to be significantly higher in those who underwent STR compared with GTR (40.0% vs 10.5%, respectively; p = 0.046). This was due to larger tumor size as the average size of tumors with GTR was 2.0 cm compared with 4.1 cm for those with STR.
For those patients with significantly decreased hearing, often expressed as a tone audiogram threshold below 50 dB and speech discrimination scores of less than 50%, approaches such as the translabyrinthine and transcochlear are used. 20 However, the retrosigmoid approach is commonly employed when attempts at hearing preservation are a priority. This approach was thus used most commonly (35.3%), allowing for our low rate of hearing loss. Other approaches used included retromastoid (n = 8), translabyrinthine (n = 4), transcondylar (n = 3), retrolabyrinthine (n = 1), and a combined approach (retrolabyrinthine/retrosigmoid; n = 6). The type of approach was not significantly related to outcome or complications. In general, the approach chosen should depend on maximal exposure for the particular tumor location, surgeon familiarity, and patient preference to allow for optimal outcome.
Conclusions
Meningiomas of the CPA are challenging lesions to treat surgically. Most CPA meningiomas are Grade I and can be completely resected via a retrosigmoid approach with excellent progression-free survival. Preoperative embolization should be considered for larger tumors. Intraoperative neuromonitoring of brainstem auditory evoked potentials and involved CNs should be employed. Grade I CPA meningiomas that are subtotally resected due to intimate involvement of CNs should be observed, whereas postoperative radiation therapy should be considered for Grade II CPA meningiomas. Patients may develop CN deficits postoperatively, with complication risk increasing with larger tumor size and tumor extension into the jugular foramen. However, the risk of facial palsy and hearing loss is significantly lower compared with VSs. In the present study, only 5.9% of patients experienced facial nerve palsies, with no patients having a decrease in hearing function postoperatively. Due to the similar appearance of CPA meningiomas and VSs on imaging, novel methods for preoperative differentiation are needed to appropriately counsel patients on surgical risks. Also because of the significant potential for neurological deficits, further studies are needed to investigate the utility of radiotherapy for these lesions. 
